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Abstract. Historically, interspecific hybridisation with Pinus radiata D. Don 
had limited success. The effect of environmental conditions and position of 
pollination bags in the tree were investigated as possible hybridisation bar-
riers. The study was conducted in a P. radiata seed orchard in the Southern 
Cape (South Africa). Field data were compared to the climatic conditions 
at natural and commercial provenances of seven Mesoamerican Pinus spe-
cies identified as possible hybrid partners. In vitro pollen studies were used 
to confirm whether interspecific crosses with P. radiata might be feasible 
within predefined climatic parameters. The temperature ranges for both top 
and northern side of P. radiata pine trees in the seed orchard was similar to 
the natural distribution of P. radiata, P. elliottii Engelm. and P. taeda L. in 
the USA. Results suggested that pollen of P. elliottii and P. taeda might be 
more suited to result in the successful pollination of P. radiata than the other 
Mesoamerican pine species tested in this study.  Furthermore, the combina-
tion of minimum temperature and precipitation also showed a closer corre-
lation to successful hybridisation with P. radiata for both P. elliotii and P. 
taeda. However, pollen tube elongation studies did not support these results, 
suggesting that mean temperature might not be the only determining factor 
of hybridisation success. Three circadian temperature models that mimic 
natural conditions were developed for Karatara and Sabie (Tweefontein, 
Witklip and Spitskop).  These models will be tested in future in vitro studies 
to further evaluate temperature fluctuations between day and night regimes 
as a possible reproductive barrier limiting hybridisation success between P. 
radiata and other Mesoamerican pine species.  
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Introduction 
Pinus is considered the most important com-
mercial forestry genus within the Pinaceae 
family, consisting of various species and va-
rieties (Critchfield 1975, Gernandt et al. 2005, 
Plomion et al. 2007).  Some pines have devel-
oped geographical races that are morpholog-
ically and physiologically distinct, limiting 
broad adaptability and hybridisation potential 
(Krugman & Jenkinson 1974).  Although in-
terspecific hybridisation can occur naturally 
in various pines, it is mostly limited to species 
within a subsection (Plomion et al. 2007) and 
as the genetic distance between species in-
creases one would expect to see an increase 
in hybridisation barriers (Ellstrand 2014). 
Where possible, interspecific hybridisation 
can be used in pine breeding programmes to 
increase genetic variation through new combi-
nations that would not happen naturally (Zobel 
& Talbert 1984).  There have been various in-
terspecific hybridisation successes that address 
the following breeding objectives:  Fusarium 
circinatum and low levels of frost tolerance (P. 
patula Schiede ex Schlechtendal et Chamisso 
var. patula x P. tecunumanii Eguiluz et Perry) 
(Kanzler et al. 2014); Cronartium ribicola tol-
erance and cold hardiness (P. strobus L. x P. 
wallichiana Jacks) (Lu & Derbowka 2012); 
drought tolerance and productivity (P. elliotti 
Engelm. x P. taeda L.) (Dungey 2001); hardi-
ness, rapid growth rate and timber quality (P. 
rigida Miller x P. taeda) (Huyn 1976, Barnes 
& Mullin 1978); and tree production and pulp 
properties (P. elliottii x P. caribaea Morelet) 
(Cappa et al. 2013, Wright et al. 1991, Van der 
Sijde & Roelofsen 1986). 
 Despite the above mentioned examples, in-
terspecific hybridisation successes, especially 
of wide crosses between taxonomic subsec-
tions, are difficult and often result in polli-
nation failure (Dungey et al. 2003, Ellstrand 
2014).  Environmental conditions, biologi-
cal barriers (for example pollen availability, 
flowering times, geographic distribution) and 
physical (climate, wind) limitations (Bannister 
1958, Burdon 1977, Boyer 1981, Greenwood 
& Schmidtling 1981, El-Kassaby & Reynolds 
1990, Dickson 1995, Dungey 2001, Major 
et al. 2005, Alzoti et al. 2010, Gruwez et al. 
2014) have to be considered in hybridisation 
programmes to increase pollination success.  
 Pine breeding programmes make use of 
fairly simple equipment and protocols to ad-
dress the above mentioned pollination con-
straints.  One of the key tools is the pollination 
bag (micro-fibre with clear window in South 
Africa) used in controlled pollination to limit 
contamination from foreign pollen (Bramlett 
& O’Gwynn 1981, Nel & van Staden 2005). 
During controlled-crosses, the environment 
inside the pollination bag can create unfa-
vourable climatic (temperature and humidi-
ty) conditions which could affect pine pollen 
germination (McWilliam 1959a, Bester et al. 
2000).  Various studies in different geograph-
ic regions, have tested different pollination 
bag materials that allows for improved air ex-
change between the inside and outside of the 
bag, while still restricting foreign pollen con-
tamination (Ferrand 1988, Sweet et al. 1992, 
Hagedorn & Raubenheimer 1996, Hagedorn et 
al. 1997, Hagedorn 2000, Nel & van Staden 
2005, Neal & Anderson 2004).  However, lim-
ited information is available on the micro-cli-
mate (inside the pollination bag) compared to 
the macro-climate (outside the pollination bag) 
as a possible barrier to hybridisation success.
 The objective of this study was to investi-
gate if the environmental conditions (tem-
perature, relative humidity (RH) and dew 
point (DP)) during isolation of female strobili 
within pollination bags and their position on 
the tree (top, middle, north and south) can af-
fect pollination success.  The climatic condi-
tions of seed orchards where the pine species 
under consideration is being grown in South 
Africa were therefore investigated.  Micro- 
and macro-climate variables were collected 
at Karatara (Southern Cape) for three consec-
utive pollination seasons and complimented 
with macro-climate data from three seed or-
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chards around Sabie, Mpumalanga Province 
(Tweefontein, Witklip and Spitskop).  This 
data together with natural provenance climat-
ic data (altitude, precipitation and temperature 
(maximum, minimum and mean)) were used 
to assess the possible effects of temperature on 
pollination success.  In vitro pollen tube stud-
ies were used to confirm whether interspecific 
crosses with P. radiata (female or male part-
ner) might be feasible within predefined cli-
matic parameters.  Although pollination suc-
cess can be measured with in vitro (controlled 
laboratory) conditions, pollen germination 
(viability) and tube elongation (Owens et al. 
2005, Owens & Fernando 2007), it does not 
completely mimic in vivo (in-field) growth but 
does give an accurate estimate (Taylor & He-
pler 1997; Fernando et al. 2005).  Pollen from 
the following species was used in the in vitro 
pollen studies: P. radiata D.Don (radiata), 
P. tecunumanii (tecunumanii), P. maximinoi 
Moore (maximinoi), P. oocarpa Schiede ex 
Schltdl. (oocarpa), P. pringlei Shaw ex Sargent 
(pringlei), and P. elliottii (elliottii).  Reference 
to tecunumanii throughout the manuscript re-
fers to the low elevation (LE), more tropical 
populations of the species in Belize (northern 
Guatemala), Honduras and Nicaragua (Dvorak 
1985, Dvorak et al. 2009).  
Materials and methods
Environmental conditions of pollination bags
The primary study was performed in a radiata 
pine seed orchard at Karatara (33°54’0” South, 
22°50’0” East) owned by MTO Forests.  The 
orchard is situated at 239 m.a.s.l. and receives 
an annual rainfall of 650 mm, mainly in winter. 
It differs from many other radiata pine seed 
production areas as the minimum temperatures 
never fall below freezing even during the cool-
est months of the year.  
 Environmental conditions between the top 
and middle of tree, as well as north and south 
facing branches, were investigated during the 
pollination season (July and August) over 
three consecutive years. For consistency, one 
clone (AR 366) and 10 ramets per experiment 
(year interval) were used. Clusters of female 
strobili were identified and isolated at the sec-
ond stage of the six-stage development sys-
tem as described by Bramlett and O’Gwynn 
(1981). Micro-fibre pollination bags (green 
cloth with a clear window) were placed over 
female cone clusters and tied to the branch (13 
July).  EL USB 2 data loggers (water resis-
tant) were attached to the inside (micro) and 
outside (macro) of pollination bags to register 
changes in micro- and macro-climate.  Two 
data loggers were used per pollination bag and 
will be referred to as a logger-bag set.  Hourly 
temperature (°C), RH (%) and DP (°C) mea-
surements were logged from time of bagging 
until six weeks after pollination (total of 50 
days).  A total of 60 data loggers were used: 
one logger-bag set (20 data loggers) were 
placed in the top of each radiata ramet for op-
timum sunlight exposure, while a further two 
logger-bag sets (40 data loggers) were placed 
in the middle of each ramet (20 facing north 
and 20 south).  Other data collected included: 
the date when data loggers were started, date 
of bagging, location in the ramet (top, middle, 
north or south), tree identification code, date of 
cross pollination, date of de-bagging and date 
when data loggers were removed.
 To determine the effect of temperature and 
RH on pollination success, data from the day 
before pollination, day of pollination and two 
days after pollination were isolated.  During 
the study period (13 July to 31 August 2012, 
2013 and 2014), sunrise was approximately at 
07:30 and sunset around 17:30.  Therefore, day 
period was taken as 08:00 to 17:00 and night 
from 17:01 to 07:59.  Comparisons were done 
by plotting daily averages (Theron 2000, Nel 
& van Staden 2005), time of hand pollination 
and pollen droplet 1(emergence after pollina-
1The pollination drop (pollen droplet) is defined as an 
aqueous, protein-rich substance secreted at the micropyle 
of the ovule during pollination which retracts after 
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tion).  
 A secondary study was performed in three 
seed orchards (Tweefontein 25°0’38” South, 
30°45’28” East; Witklip 25°12’54” South, 
30°51’41” East; and Spitskop 25°07’34” 
South, 30°47’08” East) around Sabie (Mpum-
alanga, South Africa) where oocarpa, te-
cunumanii, pringlei, maximinoi, elliottii, taeda 
and patula are planted as potential reciprocal 
hybrid partners for radiata.  Hourly tempera-
ture, RH and DP data were collected and anal-
ysed over a 50-day period as described earlier 
(13 July to 31 August 2015).  To mimic natural 
conditions, logger-bag sets were placed ran-
domly in trees (north, south, middle and top). 
The data were averaged per day and hour, 
for example 50 (days) temperature readings 
at 08:00 were averaged to give one value for 
08:00.  This was done to determine whether re-
ciprocal crosses might be feasible with radiata 
pollen at these three seed orchards.  Only mac-
ro-climate data were collected to compare with 
capturing the pollen grain.  It only appears between 02:00 
and 04:00 in P. taeda (Williams 2009).
the micro- and macro-climate data collected at 
Karatara.  This data, together with the Karatara 
field data were used to develop three circadi-
an climatic models, simulating temperature, 
RH and DP fluctuations, for Sabie (average of 
Tweefontein, Spitskop and Witklip), Karatara 
micro- (Kmic) and Karatara macro-climate 
(Kmac). These circadian models were used in 
follow-up studies to compare pollen tube ger-
mination and elongation of various Pinus spe-
cies.
Natural climatic conditions versus Karatara
Provenance data (state, country longitude 
and latitude) per species were obtained from 
Camcore (Woodbridge personal communica-
tion 2015). Data were filtered to extract prov-
enance data for radiata (Karatara and USA), 
tecunumanii, oocarpa, maximinoi, pringlei, el-
liottii, taeda, patula, Tweefontein, Witklip and 
Spitskop (Figure 1). Although Tweefontein, 
Witklip and Spitskop are seed orchards and not 
Map of North America and South Africa indicating the natural provenances of P. elliottii, P. max-
iminoi, P. oocarpa, P. patula, P. pringlei, P. radiata, P. taeda, P. tecunumanii and Sabie (Spitskop, 
Tweefontein and Witklip).
Figure 1
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species, they are representative of a sample of 
South African provenances for the seven spe-
cies and are thus compared to Karatara (South 
African provenance for radiata).  
 Bioclim (2016) historical data (interpola-
tions of observed data, representative of 1950 
to 2000) for temperatures (maximum, min-
imum and mean), altitude and precipitation 
were extracted from map tiles 11, 22, 23, 36, 
37 and 46.  Data were imported into QGIS 28 
Wien as raster images and an overlay was con-
ducted with delimited text layering.  Data was 
extracted for January and February from the 
natural provenances of the eight species in the 
Northern Hemisphere, for comparison with the 
pollination season at Karatara, Tweefontein, 
Witklip and Spitskop (July and August).
 Data were analysed with PROC GLM of 
SAS/STAT® software (version 9.2, 64 bit, 
System for Windows 7), and an ANOVA and 
Shapiro Wilk test (0.97) for normality were 
accepted on the ground of symmetric distri-
butions.  Fisher’s Least Significant Difference 
(LSD) test was conducted to compare species 
means at p = 0.05 on the original values of 
altitude, temperature (maximum, minimum 
and mean) and precipitation (Shapiro & Wilk 
1965, Ott & Longnecker 2001, SAS 2013).  
 A Discriminant Analysis (DA) and Principle 
Component Analysis (PCA) were performed 
on the interaction between provenance and 
species with all five variables and trends were 
evident (Rencher 2002).  Biplots were con-
structed to distinguish between natural and 
distinctive groups (DA), while quantitative 
variables were determined for correlations 
between multidimensional datasets (PCA) 
(Kohler & Luniak 2005, Erasmus et al. 2016). 
 Statistical analysis was conducted on data 
sets for altitude, temperatures (maximum, 
minimum and mean) and precipitation as well 
as comparison of temperature for the 14 spe-
cies and commercial provenances (radiata, 
oocarpa, tecunumanii, maximinoi, patula, el-
liottii, taeda, pringlei, Karatara, Tweefontein, 
Witklip, Spitskop, Kmic and Kmac).  A com-
pletely randomised block experimental design 
was used with two different time intervals each 
(months). The sources of variation were parti-
tioned into altitude, temperatures (maximum, 
minimum and mean), precipitation, species 
and interaction of provenance and species. 
The statistical model is given by:
altitude, temperature (high, low and mean) and 
precipitation (Xij), general mean (μ), effect of 
provenance (Yi), effect of species (Lj), interac-
tion of provenance and species (YLij) and error 
.
Pollen germination and tube elongation
Pollen grain germination and tube elongation 
were studied in vitro to evaluate if the DA 
and PCA groupings can be confirmed.  Pol-
len bearing microstrobili (catkins) of seven 
Pinus species (radiata, maximinoi, oocarpa, 
tecunumanii, elliottii, taeda and pringlei) were 
collected during two consecutive pollination 
seasons (July to October) at various commer-
cial seed orchards throughout South Africa. 
Pollen was harvested and germinated under 
controlled laboratory (in vitro) conditions (Nel 
& van Staden 2005).  Pollen tube germination, 
development and growth rate (elongation) 
were measured for the seven species over a 
seven-day period (168 hours) at two different 
temperature treatments. Pollen was evenly 
dusted onto agar medium in 65 mm plastic Pe-
tri dishes. The 1% agar solidified medium con-
taining 0.01% boric acid (Nel & van Staden 
2005).  No sucrose was added to the germina-
tion medium as different sugars could induce 
species specific effects on pollen germination, 
tube development and growth rate (Chira & 
Berta 1965).  
 Two temperature regimes (24 and 32°C), 
based on previous work of various Pinus spe-
cies by Jett & Frampton (1990) and McWil-
liam (1959b), were followed.  Pollen lots were 
exposed to these temperatures for seven days 
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in a growth chamber (Scientific Manufacturing 
model 1400 LTIS). Petri dishes were covered 
with aluminium foil, representing enclosed fe-
male strobili (seven species at two temperature 
treatments).  
 For each temperature treatment, 50 pe-
tri dishes per species per day interval (total 
of 350 per species per treatment) were used. 
Therefore, during the seven-day period of the 
experiment, five petri dishes per species were 
sampled without replacement per 24-hour in-
terval for each of the temperature treatments 
(total of 25 petri dishes per day per treatment). 
At each 24-hour sampling point, germination 
percentage, pollen tube development and pol-
len tube length and width were assessed.  The 
germination tests were performed to assess 
pollen viability by counting the number of 
pollen grains as well as number of germinat-
ed pollen grains per microscope field, repeated 
over five microscope fields (one per petri dish) 
per pollen sample.  A Leica analytical light mi-
croscope DM 2500 M at 10 X magnifications 
was used for the analysis. Pollen grains were 
considered germinated when the tube lengths 
were equal to, or exceeding grain diameters. 
A total of 1500 measurements (Figure 2) were 
recorded for each temperature treatment per 
24-hour interval (Cook & Stanley 1960).  It 
consisted of 30 pollen grains x 
10 pollen tube length or width 
x five replications.  Pollen tube 
growth rate was determined by 
total length or width divided by the amount of 
hours per 24-hour period since the start of ex-
periment (Williams 2012).  
 The experiment employed a completely 
randomised design with a factorial treatment 
structure: five species and seven time periods 
(days) with five replications each. An experi-
mental unit (species x time x replication) con-
sisted of 350 petri dishes per temperature treat-
ment.  An analysis of variance (ANOVA) for 
each time period was performed using PROC 
GLM with SAS/STAT® software (version 9.2, 
64 bit, System for Windows 7). A Shapiro Wilk 
test (0.97) for normality was conducted before 
the results could be assumed reliable.A Fish-
er’s Least Significant Difference (LSD) test 
with p = 0.05 was used to compare treatment 
means (Shapiro & Wilk 1965, Ott & Long-
necker 2001, SAS 2013).  The sources of vari-
ation were partitioned into species, replications 
within temperatures, species and hours, as well 
as the interactions of temperatures, species and 
hours.  The statistical model is given by:
with observed pollen tube size (length and 
width) and pollen tube growth rate (length and 
width) (Xij), general mean (μ), effect of tem-
perature (Ti); effect of species (Sj), interaction 
of temperature and species (Ti Sj), effect of 
hours (Hk), interaction of hours and tempera-
ture (Ti Hk), interaction of hours and species 
(Hk Sj), interaction effect of temperature, spe-
cies and hours (Ti Sj Hk) and error . 
Radiata pollen tube measurement tech-
nique at 10 X magnification (A –pollen 
tube length, B – pollen tube width).
Figure 2
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Results
Environmental conditions inside pollination 
bags
Temperature. Data loggers in the top of trees 
at Karatara indicated larger temperature dif-
ferences within the micro- than the macro-en-
vironment.  Temperatures for micro ranged 
between 8 and 32°C, while macro ranged 
between 10 to 22°C (Table 1, Figure 3).  The 
micro-temperature was on average 10oC high-
er than macro during the day and on average 
1°C lower during the night and pollen droplet 
emergence period.  Micro-temperatures in-
creased and decreased more rapidly than the 
macro-temperature close to sunrise and sun-
set, while temperatures peaked around 12:00 
(micro) and 15:00 (macro).  Comparisons be-
tween north and south side of trees, indicated 
that north was on average 5°C warmer during 
the day and less than 1°C cooler than south at 
night (Figure 4).  In the middle of trees, mini-
mum temperatures were on average 4°C lower 
and maximum temperatures were on average 
3°C cooler compared to the top of the trees. 
Micro-temperatures peaked between 12:00 
(north) and 15:00 (south). For both north and 
south the micro-temperatures were higher 
during pollination and lower during pollen 
droplet emergence period than in the case of 
the macro-temperatures.
Dew point. There was no clear difference 
Time (hour)
Temperature (oC) Dew point (oC) RH (%)
Kmac Kmic Sabie Kmac Kmic Sabie Kmac Kmic Sabie
Day
08:00 15 19 15 5 10 9 57 56 71
09:00 19 24 17 7 14 10 49 48 67
10:00 19 26 19 7 14 10 49 46 61
11:00 21 28 21 7 13 11 46 44 56
12:00 21 28 22 8 14 11 49 46 54
13:00 21 28 23 9 15 11 46 44 52
14:00 21 28 23 8 14 11 50 47 52
15:00 21 27 22 8 14 10 51 48 53
16:00 19 23 21 8 12 10 55 52 54
17:00 17 18 19 8 10 10 63 60 57
Night
18:00 13 12 18 7 7 9 71 70 60
19:00 12 11 17 6 6 9 74 74 62
20:00 11 11 16 6 6 9 75 76 63
21:00 11 11 16 5 6 9 73 74 65
22:00 11 10 16 5 6 9 71 73 66
23:00 11 11 15 4 5 9 69 71 67
00:00 10 9 15 3 5 9 64 67 68
01:00 11 10 15 3 5 9 62 65 69
02:00 11 10 14 3 5 9 62 65 70
03:00 11 10 14 3 5 8 63 64 71
04:00 11 10 14 3 5 8 61 63 71
05:00 11 10 14 3 5 8 60 62 72
06:00 11 10 14 3 4 8 62 63 72
07:00 11 11 14 3 5 8 63 64 72
Average temperature (oC), RH (%) and dew point (oC) calculated for a 24-hour period at Karatara 
and Sabie
Table 1
Note. Abbreviations: Kmac – Karatara macro; Kmic – Karatara micro; Sabie – average of Tweefontein, Spitskop 
and Witklip
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in dew point between top and middle of trees 
(Table 1, Figure 3). Micro-DP ranged from 3 to 
14°C and macro-DP from 2 to 11°C.  On aver-
age, micro-DP was 6°C higher during the day 
and 1oC higher at night than macro-DP. There 
is a sharper increase and decrease in the mi-
cro-DP than macro-DP during the day.  Com-
parisons between the north and south indicated 
that north macro-DP was generally higher than 
that observed in the south (approximately 4°C 
during the day and 2°C at night; Figure 4).  
 Relative humidity. No clear difference in 
RH in the bags between the top and middle of 
trees were observed (Table 1, Figure 3).  Mac-
ro-RH ranged from 40 to 80% and micro-RH 
between 35 to 82 %.  On average, micro-RH 
was 7% higher during the night (pollen drop-
let emergence) and 14 % lower during the day 
(pollination period) than in the case with the 
macro-RH.  Comparison between north and 
south of the tree indicated the north facing mi-
cro-RH was 2% higher during the day (polli-
nation period) and 4% higher at night than that 
of the south facing bags (Figure 4).  Macro-RH 
of the north facing area was 5% lower during 
the day and 4% lower at night than that of the 
south facing bags.
 Circadian (24-hour) models. Pollination 
bags placed in the top northern side of trees 
had the highest micro-temperature compared 
to other aspects and locations tested.  In gen-
eral, Kmac (top northern side) was up to 7˚C 
cooler than Kmic (top northern side) and only 
2˚C cooler than Sabie during the day (Table 
1, Figure 5).  However, during the pollination 
period, Kmic was up to 7˚C warmer than that 
of Sabie and Kmac. During the night, tempera-
tures at Sabie were between 4 and 5˚C warmer 
than that of Kmac and Kmic. Furthermore, less 
pronounced temperature fluctuations were ob-
served at Sabie during the 24-hour temperature 
cycle than in the case of Kmac and Kmic.
 DP values had smaller differences per hour 
intervals but with the same general pattern as 
temperature (Table 1, Figure 5). During the 
pollination period (10:00 and 16:00) Kmac and 
Sabie differed up to 4˚C, while Kmic was up to 
7˚C warmer than Kmac and Sabie. Night DP 
of Kmic was warmer than Kmac, with Sabie 
constantly warmer than both. During the pol-
len droplet period (02:00 to 04:00) Sabie was 
considerably warmer (4 to 5˚C) than Kmac and 
Kmic.  
 In general, RH had smaller differences and 
fluctuations per hour than temperature and 
DP (Table 1, Figure 5). During the pollination 
period (10:00 and 16:00) Kmac and Sabie dif-
fered between 2 and 10%, while Kmic did not 
Comparison of average temperature (A), 
DP (B) and RH (C) for three consecutive 
pollination seasons at Karatara (A – hand 
pollination, B - pollen droplet emergence).
Figure 3
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differ more than 2% from Kmac, but up to 15 
% from Sabie. Night RH of Kmic and Kmac 
differed less than 3%, but Sabie was constant-
ly lower during the early evening and higher 
in the morning (after 00:00). During the pol-
len droplet formation period (02:00 to 04:00) 
Kmic and Kmac did not differ more than 3%, 
while Sabie was up to 10% higher than Kmic 
and Kmac.  
Natural growing conditions compared to 
Karatara
DA and PCA biplots were constructed to de-
termine whether any of the five variables 
(altitude, precipitation, maximum, minimum 
and mean temperature) could 
be used to distinguish between 
species. Two distinct quadrants 
were visible in the DA and PCA 
biplots (Figure 6, 95% confi-
dence interval, F1 & F2 = 96.8%, 
95.4%, 98.1%, 98.9% for A, B, 
C and D respectively). Analysis 
per pollination month indicated 
that the second month is signifi-
cantly cooler but drier than the 
first (p < 0.001, r2 = 0.97).  Two 
separate biplot analyses, con-
sisting of a DA and PCA, were 
performed:  five variables (al-
titude, precipitation plus three 
temperature–related variables, 
Figure 6A and B); as well as 
temperature-related variables 
only (maximum, minimum and 
mean, Figure 6C and D).  
 Both analyses grouped the 
Bioclim (Karatara) and actual 
data collected during this study 
(Kmac) together, indicating 
a strong correlation between 
historic and actual data.  Ra-
diata, elliottii, taeda and Kara-
tara were grouped together in 
both analyses, indicating good 
site-species matching.  Howev-
er, the quartet of Karatara, radiata, elliotti and 
taeda differed significantly from the remaining 
species for all five variables (Table 2, Figure 
6A,B). When only temperature is considered, 
elliottii and taeda were closely related to Wit-
klip, Tweefontein, Spitskop, radiata and Kara-
tara (Figure 6C, D). However, Kmic was more 
closely related to maximinoi, tecunumanii 
and oocarpa than radiata, Karatara and Kmac 
in the temperature only analysis.  Maximinoi 
and oocarpa grouped together in both analyses 
(all five variables and temperature only) and 
differed significantly from the other species, 
although tecunumanii was closer related. Fur-
thermore, these three species showed a stron-
Comparison of the average temperature for the positions 
of micro top (A) and macro top (B) for three consecutive 
pollination seasons at Karatara (A – hand pollination, B - 
pollen droplet emergence)
Figure 4
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Region Species n Altitude (m a.s.l.)
Temperature (˚C) Precipitation 
(mm)Maximum Minimum Mean
Meso-
american
radiata 6 59 E 16 ± 1 FG 5 ± 1 EFG 10 ± 1 EF 84 ± 49 AB
tecunumanii 38 927 25 ± 2 A 15 ± 2 A 20 ± 2 A 59 ± 39 BC
oocarpa 136 1 222 D 25 ± 3 AB 12 ± 3 AB 19 ± 3 AB 26 ± 20 D
maximinoi 52 1 308 CD 25 ± 3 AB 12 ± 2 AB 18 ± 2 AB 36 ± 29 CD
elliottii 40 49 E 18 ± 3 EFG 5 ± 2 FG 11 ± 2 DEF 112 ± 23 A
taeda 40 80 E 15 ± 4 G 2 ± 3 G 8 ± 3 F 111 ± 20 A
pringlei 22 2 090 AB 24 ± 2 ABC 8 ± 3 DE 16 ± 2 BC 14 ± 8 D
patula 56 2 371 A 20 ± 3 DE 5 ± 3 EF 12 ± 3 DE 23 ± 11 D
RSA*
Karatara 12 260 E 19 ± 0 DEF 7 ± 0 DEF 13 ± 0 CDE 65 ± 9 BC
Kmac 2 239 E 22 ± 0 BCD 8 ± 0 CD 12 ± 2 DE 65 ± 11 B
Kmic 2 239 E 26 ± 0 A 12 ± 1 BC 19 ± 2 AB 65 ± 11 B
Witklip 10 1 152 D 21 ± 1 CD 7 ± 1 DEF 14 ± 1 CD 15 ± 1 D
Spitskop 10 1 156 D 21 ± 1 CD 6 ± 1 DEF 14 ± 1 CD 13 ± 2 D
Tweefontein 10 1 712 BC 19 ± 1 DEF 5 ± 1 EFG 12 ± 1 DE 13 ± 1 D
r2 0.91 0.99 0.99 0.99 0.97
 p < 0.001 0.001 0.001 0.001 0.001
ger correlation with temperature than altitude 
and precipitation. Patula and pringlei grouped 
together and showed a closer correlation to 
Tweefontein, Witklip and Spitskop in both 
analysis (five variables and temperature only), 
indicating good site-species matching. In gen-
eral, Karatara, radiata, elliottii and taeda had 
a stronger correlation with precipitation and 
minimum temperature than the other species.  
Pollen germination and pollen tube elonga-
tion
Maximinoi and pringlei yielded low germina-
tion percentages at both 32 and 24°C and were 
omitted from analysis. Pollen germination 
differed between species and temperature re-
gimes.  Radiata, elliottii and taeda germinated 
from day 1 onwards at both temperature re-
gimes, while oocarpa and tecunumanii germi-
nated on day 2 at 24°C and day 1 at 32°C.  
At 32°C (Table 3) two groups were evident 
for pollen tube length and growth rate length 
as radiata, tecunumanii and oocarpa differed 
significantly from elliottii and taeda. Radiata 
and tecunumanii differed significantly from 
one another and the other species for pollen 
tube width and growth rate width. No distinct 
groups were obtained at 24°C. In general, ra-
diata and tecunumanii differed significantly 
for pollen tube width and growth rate width, 
but not for pollen tube length and growth rate 
length, while germination tempos differed be-
tween species. These groupings did not cor-
relate with the DA and PCA results.
Discussion
Interspecific crosses with radiata have had 
limited success to date at the Karatara seed 
orchard in Sedgefield, South Africa. During a 
typical radiata pollination season at Karatara, 
pollination bags are placed randomly in the 
Comparison of five variables (altitude, precipitation and three temperature-related variables) per 
species and provenance as a mean for both pollination months 
Table 2
Note. Abbreviations: n = number of provenances, Kmac – Karatara macro; Kmic – Karatara micro. Within a col-
umn, means with the same letter are not significantly different *Republic of South Africa
D
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Species
32oC 24oC
Length Growth rate Length Growth rate
radiata 170 AB 1.00 AB 132 A 0.83 A
tecunumanii 189 A 1.10 AB 123 AB 0.71 AB
oocarpa 153 B 0.90 B 112 AB 0.72 AB
elliottii 125 C 0.73 C 106 C 0.62 B
taeda 129 C 0.75 C 123 AB 0.73 AB
Width Growth rate Width Growth rate
radiata 22 A 0.13 A 18 AB 0.11 AB
tecunumanii 19 B 0.11 B 14 C 0.08 C
oocarpa 16 CD 0.09 CD 16 BC 0.09 BC
elliottii 14 D 0.08 C 14 C 0.08 C
taeda 16 C 0.09 CD 19 A 0.11 AB
trees and cover conelets for up to six weeks 
after pollination to improve pollination suc-
cess. Even though care is taken with pollen 
management (collection, drying and storage), 
bagging of flowers, hand pollinations and 
monitoring of conelets, crossability remained 
low for interspecific crosses with tecunumanii 
and oocarpa. Therefore, this study investigat-
ed whether climate (temperature, RH and DP) 
and position on tree (top and middle; north and 
south) are possible reproductive barriers limit-
ing said success.  
 In this study, it was found that pollination 
bags placed in the top northern side of trees 
received more direct sunlight for a longer time 
period (higher temperature inside pollination 
bags). Previous studies (McWilliam 1959a, 
Nel & van Staden 2005) indicated that the 
maximum temperature difference between 
the micro- and macro-environment could be 
as much as 13°C, while only a 7°C difference 
(20 to 27°C) was observed in this study.  Place-
ment of pollination bags in the top northern 
side of the trees increased daytime tempera-
tures during the pollination period to compa-
rable levels with Sabie where it is known that 
maximinoi, oocarpa, tecunumanii, pringlei, 
patula, elliottii and taeda produce seed.  How-
ever, night time temperatures, when the pollen 
droplet emerges, inside these pollination bags 
were substantially lower than at Sabie.  Fur-
thermore, the fluctuations between day and 
night temperatures were also more severe at 
Karatara than Sabie. An occasional negative 
DP measured during this study at Karatara in-
dicated that frost was more probable at Kara-
tara than the natural provenances of maximi-
noi, tecunumanii, oocarpa, patula and pringlei. 
This supports the argument that the impact of 
the fluctuations between maximum and mini-
mum temperatures in a 24-hour cycle (circa-
dian model) on pollination success needs to be 
investigated further.  
 Limited information is available on the effect 
of RH and DP on pollination success. When 
pollen is introduced into pollination bags with 
a high RH, it will become water saturated and 
be less effective which can potentially result 
in lower germination.  The risk of diseases or 
bacterial contamination might also increase 
(Nel & van Staden 2005).  Whereas, a lower 
RH might affect the pollen droplet emergence 
negatively as the moisture difference between 
the inside and outside of the microstrobili may 
be too severe (Sweet et al. 1992).  However, 
if the air is too dry, it might induce abortions 
Average pollen tube length (µm), width (µm) and growth rate (µm/h) for five pine species after the 
7-days of incubation at 32 and 24oC, respectively (n = 50, p = 0.001, r2 = 0.99)
Table 3
Note. Within columns, means with the same letter are not significantly different. 
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of microstrobili due to dehydration (Nel 2002, 
Neal & Anderson 2004, Gruwez et al. 2014). 
McWilliam (1959b) also observed that ex-
treme temperatures and limited air movement 
might lead to limited pollen germination suc-
cess.  Therefore, the balance between RH and 
temperature seems to be delicate and might 
have a bigger impact on pollination success 
than previously considered.  
 Radiata grows well in the southern Cape and 
is evidently well adapted to the average mac-
ro-climatic conditions observed during this 
study as confirmed by the DA biplots (Figure 
6A).  Maximinoi, patula, pringlei, oocarpa, te-
cunumanii, elliottii and taeda are well adapt-
ed to the Sabie region (Tweefontein, Witklip 
and Spitskop) as confirmed by the DA biplots. 
Based on the PCA biplots, these species (ex-
cluding elliottii and taeda) are however not 
genetically closely related to radiata (Dvorak 
et al. 2000), nor correlate well to the southern 
Cape (Karatara) in terms of the climate vari-
ables tested (Figure 6B). This could be one po-
tential reason why interspecific hybridisation 
between radiata and these species have had 
limited success to date.  
 DA biplot (Figure 6A) indicated a strong 
correlation between radiata, Karatara and the 
pollination bags placed in the northern top of 
trees at Karatara (Kmic and Kmac). There-
fore, the data collected at Karatara not only 
correlates well with the Bioclim historic data, 
but also indicated that elliottii and taeda can be 
planted at Karatara although the duo are not 
genetic closely related to radiata (Dvorak et 
al. 2000).  The three seed orchards (Tweefon-
tein, Spitskop and Witklip) representing Sa-
bie in this study, grouped together and were 
closer correlated with tecunumanii, oocarpa, 
maximinoi, pringlei and patula than with ra-
diata, elliottii and taeda.  Although altitude is 
influenced by latitude, the combination of al-
titude and temperature does have an impact 
on the geographic distribution of a species. 
For example, patula is more closely related to 
the vector of altitude but less to precipitation 
than radiata (Figure 6B and Table 2). This is 
in agreement with Poynton (1979) that radiata 
does not perform as well in the Sabie region as 
patula due to the altitude, occurrence of frost 
and diseases.  Also, the length of vectors alti-
tude and precipitation are longer than tempera-
ture, indicating that the species in this study 
Comparison of the three circadian climatic 
models for Karatara micro, Karatara macro 
and Sabie (average of Tweefontein, Spitk-
skop and Witklip) for temperature (A), DP 
(B) and RH (C). 
Figure 5
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are more dependent on them than temperature 
alone (Young et al. 1993).  
 However, if altitude is left out of the equa-
tion, not only was patula grouped with taeda, 
radiata and elliottii; but Sabie and Karatara 
now correlates well (Figure 6C).  Maximinoi, 
oocarpa and tecunumanii remained a separate 
group from radiata, although Kmic was now 
more closely related to the trio than Kmax. 
Length of vectors in the PCA biplot (Figure 
6D) indicated that minimum and maximum 
temperature are more important than mean 
temperature (Young et al. 1993) for radia-
ta, patuala, elliottii and taeda.  Pringlei, te-
cunumanii, maximinoi and oocarpa were more 
closely correlated with the mean temperature 
which might indicate fewer fluctuations be-
tween minimum and maximum temperatures 
as experienced in Sabie.  Although the tem-
perature biplots also indicated that patula and 
pringlei are grouped closely with radiata, pre-
vious crossability attempts yielded low seed 
viability between these species (Dungey et al. 
2003), indicating that mean temperature might 
not be the only determining factor of hybridi-
sation success.  Studies in both tomatoes and 
herbs indicated that the lower night tempera-
tures, and 24-hour fluctuations between max-
Comparison of environmental conditions between the eight Pinus species Karatara, Spitskop 
Tweefontein and Witklip with biplots (A – DA and B – PCA) for all five variables (altitude, precip-
itation and temperature (maximum, minimum and mean)) and only temperature-related variables 
(C – DA and D – PCA).
Figure 6
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imum and minimum temperatures, may have 
a more significant influence on pollen germi-
nation and tube elongation than higher aver-
age temperatures alone (Peet & Bartholemew 
1996, He et al. 2006).  
 Although the pollen studies (tube length, 
width, growth rate length and width) at two 
temperature regimes (constant for a 7-day pe-
riod) showed differences between species, it 
was not conclusive and supportive of the DA 
and PCA results as indicated above. Pollen 
studies grouped radiata and tecunumanii to-
gether which differed significantly from elliot-
tii and taeda.  This again highlights that mean 
temperature might not be the main determining 
factor in interspecific hybridisation success, 
but the temperature fluctuations between min-
imum and maximum (24-hour) might be more 
important as observed in herbs and tomatoes.  
Conclusions
Pollination bags placed in the top northern side 
of trees resulted in not only a lower RH, but a 
higher temperature and DP. Although the pol-
lination bag placements can decrease the cli-
matic gap in temperatures between Karatara 
and Sabie for the duration of the pollination 
season, circadian models indicated that Sabie 
had a more stable (fewer fluctuations) climate 
than Karatara.  PCA and DA biplots confirmed 
that the climate of Karatara and Sabie are dif-
ferent and a six-week period climate compen-
sation by virtue of pollen bag placement might 
not be enough.  Elliottii and taeda were also 
grouped with radiata and Karatara in both sets 
of PCA and DA biplot analyses.  PCA and DA 
biplots (temperature only) confirmed that min-
imum temperature is more important to radiata 
than mean temperature.  However, if altitude is 
ignored as a vector, it might create superficial 
evidence suggesting patula as a potential hy-
brid partner for radiata.  Future studies should 
thus investigate elliottii and taeda as potential 
hybrid partners with radiata.  Due to logistic 
constraints, only the effect of temperature on 
pollen tube elongation was investigated during 
the in vitro study.  There is also a need for more 
detailed in vitro pollen studies to investigate 
the effect of the circadian climate patterns on 
pollination success. These studies will be re-
ported on in future papers and will address the 
comparison of the temperature circadian mod-
els developed during this study, under in vitro 
conditions.
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